Cool down of 33.5 Ton Prototype Cryostat

Erik Voirin - Fermilab - evoirin@fnal.gov - 630-840-5168 - May 30, 2012

Scope of calculations/cool down simulations:

Parametrically analyze and study the fluid flow and temperature characteristics of cool-
down of the 33.5 Ton prototype cryostat using Computational Fluid Dynamics (CFD) methods.
Determine an acceptable way off cooling down the membrane without exceeding the
manufacturer’s criteria for cool down rate, maximum 15 K/hr from room temperature to 200K and
maximum of 10 K/hr below 200K. Attempt to keep a fairly homogeneous temperature gradient in
the gas space, as if cooling a TPC and frame.

Cryostat Cooling Method:

Instead of using cold argon gas,
the cryostat will be cooled with
liquid/gas sprayers. These sprayers will
spray liquid argon through the central
hole and gaseous argon through the two
angled holes. This creates a flat spray
pattern of cold argon gas and extra liquid
which will evaporate in the fluid volume,
creating additional cooling power. Also
additional straight gas sprayers will be
used to provide momentum and mixing in
a more efficient manner, causing the
cryostat fluid space to have a relatively
steady circulation pattern, and a forced
convection dominated type flow. Figure
1 shows one sprayer with water spraying
through all orifices.

Figure 1: Liquid/gas sprayer spraying water through all
orifices.
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Model Details:

Materials and Dimensions:

3Dto2

Cryostat gas space dimensions are 2.7m x 2.7m X 4m

304 Stainless steel membrane modeled as 2.5mm thick instead of their actual
thickness of 2Zmm to account for extra material in corrugations

Fireboard (10mm thick) and Plywood (12mm thick) have nearly identical thermal
diffusivity so they were modeled as a single material, (22.5mm) thick with their
equivalent average properties.

0.3m thick polyurethane insulation.

Additional Information can found in APPENDIX B

(authored by Terry Tope and Mark Adamowski)

D conversion:

Solid materials with locations 0 <y <2.7 m (vertical walls between top surface of
floor membrane and bottom surface of roof membrane) have the density and
thermal conductivity increased by a factor of 2.481 (ratio of perimeter to width of
those walls) to account for thermal mass of side walls which are not modeled, while
keeping thermal diffusivity, and therefore, transient behavior constant.

Material Properties:

Argon Gas @ 15.33 psia - all properties temperature dependent and obtained from
NIST RefProp. All solid material properties are temperature dependent and
obtained from manufacturer specs, NIST cryogenic database, or other relevant
sources. More details can be found in APPENDIX A.

Initial conditions:

Transient model initialized from steady state solution of all materials at 293K, and a
steady inflow of argon gas momentum at 293K.

Boundary conditions:

Rather than actually modeling the two phase evaporation of the liquid/gas sprayers,
they were modeled as volumetric source terms applied to a “spray volume” which
includes all the equivalent continuity, momentum, and cooling power of the
sprayers themselves. These sprayers were near the bottom left corner of the
cryostat spraying directly to the right, see APPENDIX B.

The cryostat contained one outlet on the top.

Outer insulation walls held at 293K
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Parametric Simulation Results:

The cool down was analyzed parametrically by varying the amount of liquid and gas
sprayed into the fluid volume. It was found the momentum must be high enough to overcome the
buoyant effects of the gas. To simplify everything, the only two parameters which determine the
flow/temperature characteristics of the cool down, are the input momentum (from the high velocity
gas) and cooling power (from the liquid). Fortunately, each of these parameters can be controlled
separately using the liquid/gas sprayers. The input momentum provides the circulation, and this
helps keep the gas space at a near homogeneous temperature, causing forced convection and
increasing Reynolds number. As the cooling power is increased, by consequence, the temperature
difference between the gas and the membrane also increases, since it raises the Grashof number.
The Richardson number = Gr/(Re”2) describes the dominance of either forced convection or
natural convection. If the cooling power is increased too much, without increasing the input
momentum, so increases the temperature gradient at the fluid-solid interface. An increase in this
temperature difference raises Grashof and Richardson, which can cause the fluid space to lose its
steady circulation pattern since natural convection and buoyancy start to influence the flow. A
buoyant flow pattern reduces the spatial homogeneousness of the entire temperature field, and a
more stratified gas space temperature is seen. As the Grashof and Reynolds numbers have no
universal definition, using the parametric analyses, the length scale was tuned to cause Richardson
to become greater than 1 at the onset of natural convection influenced flow. Figure 2 shows the
Richardson number with respect to gas space temperature for one simulation, and Figures 3a and
3b show the flow pattern of this same simulation before and after the switch to natural convection
influence. An animation of this transient cool down can be seen in the attachment: “Fluid Flow
Switch to Natural Convection.wmyv”, where the onset of natural convection occurs at the end of the
simulation, just before it was stopped. The increase of Richardson with decreasing temperature is
due to the volume expansion coefficient of a gas increasing with decreasing temperature, since
density and temperature are inversely proportional.
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Figure 2: Tuned Richardson number of one simulation with respect to argon gas temperature.
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Figure 3: Steady flow pattern becoming influenced by natural convection as Richardson number
becomes greater than 1.
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Final cooling spray determination:

After thorough research in proper determination of the Richardson number, the amount of
liquid and gas from the sprayers was adjusted to keep this value below 1 throughout the cool down,
see Figure 4. This resulted in the conclusion that values of the following would suffice to meet all
required cooling parameters: (more detail shown in appendix A)

Total Momentum: 3.93 N*s/s
Total Continuity: 36.04 gm/sec (equivalent argon gas as saturated temperature)
Total Energy: -1241 Watts (from additional cooling of liquid vaporization)

This was achieved by spraying:

Liquid spray: 22.158 gm/sec
Gas spray: 13.881 gm/sec (half of gas through straight nozzles)

Ri(Tmp) 1 \—\

0.1
] 110 130 150 170 190 210 23 2% 270 290

Tmp

Figure 4: Richardson number of final cooling simulation
Final Cooling Spray Simulation Results:

Cooling Power with respect to gas space temperature is seen in Figure 5. Average
temperature of gas space and membrane are shown in Figure 6; the cooling rate of the membrane is
shown in Figure 7. An animation of the cool down is shown in the attachment: “Final Cooling
Simulation.wmv”
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Figure 5: Cooling Power with respect to gas space temperature
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Figure 7: Cooling rate of the membrane.
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Numerical Model and Convergence:

Turbulence Model:

Energy Model:

Transient Scheme:
Advection Scheme:
Turbulence numeric:

Transient time steps:

Shear Stress Transport

Thermal energy (high velocity gas kinetic energy subtracted from
cooling power to account for viscous dissipation and avoid using

total energy model)

Second order - backward Euler

High Resolution

High Resolution

Convergence based adaptive time stepping (max 5 seconds)

Convergence for momentum/mass, energy, and turbulence are shown in Figure 8a, b, c; numerical

grid is shown in Figure 9.
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Figure 8: Convergence for momentum/mass, energy, and turbulence; note MAX residuals not RMS.
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Figure 9: Numerical grid for all domains. (close-up of boundary layer and interface).

33.5 Ton Cool down Analysis Page 8 of 8



APPENDIX - A

Calculations and Model Setup
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MATERIAL PROPERTIES

Insulation Thermal properties

_ o ke — w
Pins = 62— KinsAvgTemp = 00196 =2 | inear formula for conductivity WRT temperature
m
w -5 W
KinsAmb = 0-027— kg (Tm) = (7.00426- 10 ~-Tm + 0.00625886)ﬁ

Specific Heat WRT Temperature (from NIST Cryogenic database)

a 89.69
b ~269.32
c 333276
d| |-214.635
e | =1 76.2052
f ~14.1137
g 1.061
h 0
i 0
o) = 1+b-(10g(Tm)+c- (log(Tm)) >+ (log(Tm)) *+e- (log(Tm)) *+- (log(Tm)) >+ (Iog (Tm)) +h- (log(Tm)) "+ (log(Tm))" kgLK

Stainless Steel 304 - Properties WRT Temperature (from NIST Cryogenic database)

a —1.4087 kg

b 1.3982 .

¢ 0.2543

d —0.626

e |:=] 02334

f 0.4256

g —0.4658

h 0.165

i —0.0199

2 3 4 5 6 7 . 8

Koo (Tm) = 10[a+b~(10g(Tm))+c-(1og(Tm)) +d-(log(Tm)) +e-(log(Tm)) "+f-(log(Tm)) " +g- (log(Tm)) +h-(log(Tm)) "+i-(log(Tm)) ] W
SS = —

m-K

33.5 Ton Cool down Analysis Page A2 of A12



22.0061
—127.5528
303.647
—-381.0098
= 274.0328
-112.9212
24.7593
—2.239153

i 0

o &

[=T o]

= o th O

cpgg(Tm) = 10

a+b- (log(Tm))+c-(log(Tm)) >+d- (log (Tm)) +e- (log(Tm)) *+1- (log(Tm)) +g (log(Tm)) *+h- (log(Tm)) "+i- (log(Tm))* I

kg-K
500 20
400 16
Cpss(Tm) 300 12 kss(Tm)
g v
kg’ K 200 -8 m-K
100 —14
0 0
80 100 120 140 160 180 200 220 240 260 280 300
Tm

Plywood properties at ambient temperature / thickness

K
- 600—2

P : — w —
plywood rn3 kplywoo 4= 0.174 X tplywood = 12mm

Fire board properties at ambient temperature / thickness
http://www.tlimpex.com/Calciumsilicate. html

kg W
Pfireboard = 600_3 Kireboard = 0-099 K tfireboard = 10mm

m-
m

Assume the Plywood and Fire board thermal properties behave the same way as insulation
WRT Temperature, take ambient ratio and apply multiplier for curve fit.

Plywood Properties WRT Temperature Fire board Properties WRT Temperature

CpPlywood(Tm) = 1.1~cpInS(Tm) CpFireboard(Tm) = 0.629~cpInS(Tm)

kPlywood(Tm) = 6.488 kInS(Tm) kFireboard(Tm) = 3.697 kInS(Tm)
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Form an equivalent material for the Fire board and Plywood since they have nearly identical
thermal diffusivity and will behave the same in a transient thermal scenario.

KFireboard (Tm) ] kPlywood (Tm)
Aplywood (TM) =

tmodel = 22-5MM Ofjrepoprd (TM) =
pfireboard'CpFireboard(Tm) pplywood'CpPIywood(Tm)

Density 7

4x10°

— — 7
Wiembrane = plywood Pplywood * Hireboard Pfireboard %plywood(TM)  3x10

Afireboard (TM) 5y 1077

Y%
membrane kg
Peq=— = 586.667—3 110”7
tmodel m 100 200 300

Tm

Thermal Mass / Heat Capacity
Qmembrane(TM = ¢pplywood (TM) thlywood Pplywood T CpFireboard (T™ tfireboard Pfireboard

anembrane (Tm)

C (Tm) :=

p_Eq
membrane

Thermal Conductivity

tfireboard KFireboard (TM) + I;plywood'kPlywood(Tm)
Imodel

keq(Tm) =

0.2

kPlywood(Tm) 0.15

KFireboard (TM) ¢
Keg(Tm) //——’/
—_— 0.05

0

80 100 120 140 160 180 200 220 240 260 280 300

2x10°

3
CpPlywood(Tm)  1.5x10

CpFireboard (TM) 1. 143

p_Eq (Tm)

500

80 100 120 140 160 180 200 220 240 260 280 300
Tm
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Argon Gas Properties WRT
Temperature

) kJ
h(Tmp) := 1nterp(regress(MT,hT,3) ,MT,hT,Tmp)'k—g

kp (Tmp) = interp(regress(MT kT, 2) M.k, Tmp)

m-

. kJ
cppp(Tmp) = 1nterp(regress(MT,cpT,7) ’MT’CPT’Tmp)j(g_,K

Hap(Tmp) = interp(regress(MT BT 2) M, pr, Tmp) -uPa-s

- 1.022310295 kg

3
m

P Ap(Tmp) = 574.5252575-Tmp

BAr(Tmp) := interp(regress(MT, BT,3) M, BT,Tmp)~i

K
Temp(h) := interp(regress(hT,MT,6) ,hT,MT,h) K
Pr(Tm) B (Tmp)-cpp (Tmp) (Tmp) K A (Tmp)
r(imp) = o mp) =
k(Tmp) Ar (cpar(Tmp)-p o, (Tmp))
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Modeling the liquid/gas sprayers

Modeling of LAr sprayer will be achieved by:
- 1.) Energy source - From LAr evaporation into gas
- 2.) Continuity source - The mass of vaporized LAr and argon gas added to the volume

- 3.) Momentum source - From the sprayers gas coming out at high velocity
**Calculations are done (PER NOZZLE)
~1.022310295 kg

K
PLAr = 13929 PG AL (TMp) = 574.5252575.Tmp :
m m
Liquid Argon Total Ambient Argon Gas
liquidgr, = 1.3gph: (133%)-(125%) = 2.161-gph 885pray = 1:2SCFM:(166%)-(125%) = 2.49-SCFM

Percent of gas input from additional straight gas nozzles

PercemGasStraight = 50%

KkJ
hgy := 160.83 =
kg

Continuity / mass entering system

We will use one sprayer which
sprays:
I T gm
liquid; 66 = hquldspray' PLAr = 3.165~E
Pressure during cool down and

STD

K
= 15.33psi PASTD = 16875

P
m At saturation Temperature

cryostat *

— _ &m s _ gm
235mass = €3spray PATSTD = 1.983- e Continuity := liquid, ;¢ + 888255 = 5149 soc

Momentum entering system

Nozzle Dimensions
2

. T
dGsprayer = 0-035in AGsprayer = Z'dGsprayer 2
d = 0.025i A =24 2
Lsprayer == 0ot Lsprayer = ', "“Lsprayer We will use sonic
velocity as this is too
gas high, meaning we will
Voar = — =925 Voar =33 hagve chokedgsonic flow
AGsprayer' PGAr(293) § § ; .
at a higher pressure in
the nozzle.
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Gas nozzles do not spray straight, we must reduce the momentum accordingly

N-
MomentumGas = V55, gas = 0.68-—S
s

mass

Count pixels to determine angles

226
angleTop = atan(z—Mj = 38.512-deg

196
angle = atan| — | = 32.811-de
=*Bot (304) £
1
outletAngle := E(angleTop + angleBot) = 35.662-deg

MR eduction == Sin(outletAngle) = 58.3-%

N-s
MGasAngled = MomemumGaS'MReduction'(l - PercemGasStraight) = 0'198'T
. N-s
MGasStraight = MomentumGas-(PercentGasStraight) = O.34-T
. N-s
MGas = MGasAngled + MGasStraight = 0'538'T
Liquid Argon Momentum
liquidg N.
o pray  ,m - . B N:s
VLAr = A =72 S Mqu = VLAr'llquldspray' pLAr = 0.023- S
Lsprayer
Total Momentum

N-
Momentum := MGas + MLiq = 0.561-—s
S
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Energy entering system (additional cooling from vaporizing LAr)

How much argon Liquid spray will be vaporized by the included gas spray,
and how much energy will come from surrounding argon already in the

cryostat?
mass and energy balance to find how much is vaporized by included
gas
293
gasmass'J'87 . cPAr(Tmp) dTmp K = massjiqpyap Nfg Cooling from Cold Gas (from 293K)
293
mass|iqEyap = Find(masslinvap) = 1.338-% gasmass'J' cppp(Tmp) dTmp-K = 215.113-W

87.704
Remaining liquid spray

- 182828
secC

LigNotVaporized := liquid; ¢ — massjigEyap

EnergyLiq = LinotVaporized-(hfg) = 293.987W

Kinetic Energy of the high velocity gas spray = Remaining Cooling Energy of fine liquid mist

2
gaSyacs VGAr = 116.653W Energy := —(EnergyLiq = Energyspray) =—177.334W

1
Energyspray = E

Apply These Values to a "Spray Volume" from the nozzles flow pattern

Spray Volume

H = 15cm L = 120cm D = 270cm

spray - spray - cryostat *

SprayVolume := Hspray'Lspray'Dcryostat =486L

Volumetric Source Values (input into CFD model - PER SPRAYER)
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Calculate/Estimate cooling power/time

numSprayers = 7

-numSprayers-pp o = 22.158-g

TOtalLiquid = liquidSpray o

‘numSprayers: p A STp = 13.881-g

Total,¢ = 2aSqpray oo
TOtalContinuity := Continuity-numSprayers = 36.04-% ( gas at 87.704K )
TOtalEnergy := Energy-numSprayers = —1241 W (additional cooling from liquid vaporization)

N-
Totaly romentum = Momentum-numSprayers = 3.928-TS

Total T
Continuity
STDAFlow = ——— = 45.253-SCFM

PArSTD

Cooling Power WRT Gas Temperature

CoolingPower (Tmp) = (Continuity- (h Ar(Tmp) —h Ar(87'704)) - Energy—|~numSprayers

Momentum to Cooling Ratio

Momentum-numSprayers

N
ForcePerCooling(Tmp) = ForcePerCooling(Z%) = 0.763~ﬁ

CoolingPower (Tmp)

Estimated Cool down Rate from Several CFD analyses (SS Membrane Temp)

Cooldownp ;¢ (Tmp) := CoolingPower(Tmp)-(7.10864- 10_7-Tmp3 - 0.000342304-Tmp2 +0.055746223- Tmp — 1.707049)

hr- kW
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Graphical Results WRT Gas space Temperature

6
5
4
CoolingPower(Tmp) i
kW
2
1
0
290 270 250 230 210 190 170 150 130 110 90
Tmp
3
ForceperCooling (TmMP)
N 2
kW
1
0
290 270 250 230 210 190 170 150 130 110 90
Tmp
20
15
Cooldownp 440 (Tmp)
K 10
hr
5
0
290 270 250 230 210 190 170 150 130 110 90
Tmp
Transient Temperature Estimate
1
timesteps := 500 timePeriod := Ehr
Tempg,, = TempEStO <« 293K
for ie 1..timesteps
Tem
PEst,_,

33.5 Ton Cool down Analysis

return Tempg,

Tf:mpESti «— TempEsti_1 — Cooldownp .10

-timePeriod
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Determine Flow Pattern
Number of sprayers changes Reynolds and Grashof numbers:

Lengthg.,1e Re = 16m Lengthg.q1e G = 16m
Temperature and Velocity Scales Estimated from several cool down CFD analyses
. K
ATscale(Tmp) := CoolingPower (Tmp)-(3.3855574 — 0.0001027881-Tmp)-0.8ﬁ

Momentum

Ty = -numSprayers = 3.928

Velocity 1o (Tmp) := (0.385 1)(—0.1 10339627-(Tyg)* + 1.28361 Ty + 0.65789—‘-(0.003470419~Tmp +1.369)
S€C

Grashof and Reynolds
numbers
3 .
Gr(Tmp) & BAr(Tmp)'ATsc:ale(Tmp)'LengthScale_Gr Re (Tmp) pAr(Tmp)'Velocuyscale(Tmp)'LengthScale_Re
r(Tmp) = e(Tmp) =
b 2 b AL (Trp)
b a(Tmp) Ar
P A (Tmp)

Richardson numbers describe whether forced or natural convection will
dominate.

Ri(Tmp) = —LTmP)_

Re(Tmp) 2
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Both forced and natural convection play a role in transport of heat energy, though as we add
more momentum, or more sprayers, forced convection dominates, meaning much less
thermal stratification, and more homogeneous temperature field in the gas space as well as
temperature of the membrane.

10

Forced Conv. negligible (>10)

Natural Conv. dominates

Ri(Tmp) 1 Both contribute ~equally (1.0)
— \
T
Forced Conv. dominates
0.1 Natural Conv. negligible (<0.1)
90 110 130 150 170 190 210 230 250 270 290
Tmp

This specification of cooling and momentum ensures we will have a forced convection
dominated flow, homogeneous temperature field, and a steady flow pattern.

Notes/Thoughts on flow pattern characteristics / parameters:

1.) Equal percentage increase in both momentum and cooling (liquid and gas) will push
the fluid flow regime more toward the forced convection dominated regime. This
means if we increase the ratio of both as the cryostat cools we can accelerate
cooling, as well as decrease Richardson.

2.) An equal percentage increase in momentum and cooling (liquid and gas) will also act
to better homoginate the temperature field, even when influenced by buoyancy.

3.) It is believed any additional mass in the membrane ( more corrugations, backing
strips, bolts, welds, etc. ) will not greatly influence the flow pattern or temperature
distribution, but only the actual cooldown time.

3.) 2D model may be conservative as to when natural convection influences flow, as
increased heat flux at the higher density left wall (remember the 2D to 3D conversion)
may overpredict the effects of buoyant flow at the interface with the gas. In reality it
may be much easier (less momentum required) to keep a forced convection
dominated flow.

4.) 3D model might be attempted to confirm 2D simplification, though comutation
resources may be insufficient.
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APPENDIX - B

Cryostat and Sprayer Information
(authored by Terry Tope and Mark Adamowski)
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